Selective permeabilization of the mitochondrial outer membrane is an integral event in apoptosis induced by numerous stimuli.
1,2 As a result, several proapoptotic proteins including cytochrome c are released from the mitochondrial intermembrane space to the cytoplasm. Cytochrome c then triggers activation of caspase proteases via the formation of a complex known as apoptosome. 3 Current techniques to assay cytochrome c release rely on cellular fractionation followed by Western blotting, immunocytochemistry or the subcellular localization of GFP-tagged cytochrome c. 4 These techniques have inherent problems that make it difficult to accurately quantitate the number of cells in which cytochrome c has translocated. In this letter, we highlight some of the problems associated with current methods to follow cytochrome c release (Table 1) and suggest an adaptation of current protocols to quantitate the number of cells with cytoplasmic cytochrome c in both adherent and nonadherent cell populations.
Owing to the relative abundance of cytochrome c within cells (estimated between 0.5 and 5 mM in the intermembrane space), Western blotting of cellular fractions is a useful technique to observe gross changes in cytochrome c distribution within cells. It is of some concern however that, due to the abundance of cytochrome c, small changes in overall cellular distribution may appear substantial if only cytosolic fractions are assayed (Figure 1ai ). Studies that assay both the mitochondrial and cytosolic fractions give a more representative analysis of the extent of cytochrome c release (Figure 1aii ). Using Western blotting, it is often difficult to expose X-ray film such that the bands from control cell populations (often 5% apoptosis) and apoptotic populations (where most of the cells have cytoplasmic cytochrome c) are both within the linear range (i.e. quantifiable on a densitometer). It is therefore difficult to use Western blotting for accurate quantitative analysis. This problem is compounded by the fact that cytoplasmic cytochrome c may leak out of cells that have deviated to secondary necrosis (as often occurs several hours after the onset of apoptosis in long-term assays). It is also not ideal that Western blotting shows an averaged result from a population of cells. It is therefore not possible to determine whether all the cytochrome c is cytoplasmic in a small percentage of cells or all cells have partially redistributed their cytochrome c.
Immunocytochemistry followed by fluorescence microscopy has been invaluable in quantitating the number of cells that have punctate or diffuse (released) distribution of cytochrome c. This data, however, is frequently not quantitated since counting the cells is laborious. Further, it is often difficult to determine whether cells in suspension or that have rounded up, have punctate or diffuse staining. Cells that have undergone secondary necrosis may have lost much of their staining and may be ignored, unless they are arbitrarily categorized as dead.
Expression of GFP-tagged cytochrome has made it possible to follow cytochrome c redistribution within cells in real time. Using these cells in combination with selective permeabilization of the plasma membrane by digitonin, it is possible to use FACS analysis to rapidly determine the number of cells in which cyochrome c has translocated to the cytoplasm. 5 This assay is based on the idea that permeabilization of cells will allow cytoplasmic cytochrome c-GFP to diffuse out of the cells. Cells with cytoplasmic cytochrome c-GFP will therefore have less GFP fluorescence than cells with intact mitochondria. This method, however, is only useful for cells that express GFP-cytochrome c. We reasoned that this assay could be coupled with immunocytochemistry (outlined in Figure 1b and the method below) to quantitate the percentage of cells that have cytoplasmic cytochrome c in populations that do not express GFP-cytochrome c.
Method
Cells (1 Â 10 5 ) were harvested and treated with 100 ml digitonin (50 mg/ml in PBS with 100 mM KCl) for 5 min on ice (until >95% were permeabilized as assessed by trypan blue exclusion). Cells were fixed in paraformaldehyde (4% in PBS) for 20 min at room temperature, washed three times in PBS and incubated in blocking buffer (3% BSA, 0.05% saponin in PBS) for 1 h. The cells were incubated overnight at 41C with 1 : 200 anticytochrome c monoclonal antibody (clone 6H2.B4, BD Pharmingen, San Diego, CA, USA) in blocking buffer, washed three times and incubated for 1 h at room temperature in 1 : 200 PE-labeled secondary antibody (Silenus, Hawthorn, Australia) in blocking buffer. The cells were then analyzed by flow cytometry detecting PE fluorescence in FL-2. Cells were visualized by fluorescence microscopy to confirm the FACS analysis. When Alexa 488 (Molecular Probes, Eugene, OR, USA) conjugated to the 6H2.B4 anticytochrome c antibody was used, the secondary antibody step was not required. Note, Ca 2+ will induce permeability transition in the mitochondria of permeabilized cells. EDTA should therefore be added to the digitonin permeabilization buffer if the cells were treated in media containing high Ca Figure  1di ). In each case, the apoptotic and nonapoptotic populations were sufficiently distinct to allow quantitation of each population (Figure 1dii) . A time course study revealed that the number of cells with cytoplasmic cytochrome c increased with time. This confirmed our previous results using Cc-GFPexpressing HeLa cells where we showed that individual cells release cytochrome c at different times. 5 The absence of an intermediate peak also corroborated our previous findings that cytochrome c release was rapid and complete. 5 Using an alexa 488-conjugated cytochrome c antibody, we found that we could omit the secondary antibody step and still quantitate the number of cells with intact mitochondria or cytoplasmic cytochrome c. While this shortened the assay time considerably, the difference in fluorescence intensity of control cells and cells that have released cytochrome c was not as distinct as when we used the labeled secondary antibody (Figure 1e ).
Concluding remarks
Determining whether cytochrome c release occurs during various types of cell death is a standard experiment in the field, and there is considerable interest in determining the mechanism of cytochrome c release and its regulation by Bcl-2 family members. While current techniques offer valid assays for cytochrome c release during apoptosis, we believe that the ability to rapidly and nonsubjectively quantitate the number of cells that have cytoplasmic cytochrome c will significantly enhance our understanding of this event. This rapid assay can be used on a variety of adherent and nonadherent cell lines. Preliminary results have shown that this assay can also be used on primary cells, and it may be possible to use this assay on isolated mitochondria. It remains unclear whether this assay can be used for measuring the release of less abundant proteins, such as SMAC/Diablo from the mitochondrial intermembrane space. 
